An analog implementation of pulse-width-modulation based sliding mode controller for dc-dc boost converters by Tan, SC et al.
An Analog Implementation of
Pulse-Width-Modulation Based Sliding Mode
Controller for DC–DC Boost Converters
Siew-Chong Tan∗, Y. M. Lai, and Chi K. Tse
Department of Electronic and Information Engineering
Hong Kong Polytechnic University, Hong Kong, China
∗E-mail: ensctan@polyu.edu.hk
Abstract— This paper addresses the issues concerning the
implementation of a pulse-width-modulation based sliding
mode controller for boost converters. The methods of
modelling the system and translation of the SM control
equations for the PWM implementation are illustrated. It
is shown that the control technique is easily realized with
simple analog circuitries. The proposed system is verified
by experimental measurements.
I. INTRODUCTION
The advantages of employing sliding mode (SM) controllers
for applications in nonlinear control systems are well dis-
cussed and understood [1]. In power converters requiring
wide operating range, SM controllers are understandably better
candidates than conventional linear PWM controllers due to
their excellent robust and stability properties in handling large-
signal perturbations [2]. This spurs numerous researches in the
area. However, among the various proposed systems, the fixed-
frequency SM controllers are particularly suited for practical
implementation in power converters [3]–[10].
Study of fixed-frequency SM controllers has been initiated
by the practical constraint of power converters in requiring
to prevent excessive power losses and EMI noise generation,
and also to simplify the design of input and output filters [11].
However, the nature of the SM controller is to ideally operate
at infinite, varying, and self-oscillating switching frequency
such that the controlled variables can track a certain reference
path to achieve steady-state operation [1].
There are numerous methods proposed to constrict the
switching frequency of SM controllers [3]–[10]. Those that
employ the hysteresis-modulation (HM) (or delta-modulation)
as the medium for implementing the control law, will re-
quire either constant timer circuits to be incorporated into
the hysteretic SM controller to ensure constant switching
frequency [3], [4], or the use of an adaptive hysteresis band
that varies with parameter changes to control and fix the
switching frequency [5], [10]. However, these solutions require
additional components and are unattractive for low cost voltage
conversion applications. Moreover, some of these converter
systems suffer from deteriorated transient response.
Alternatively, the switching frequency of SM controllers can
be constricted (fixated) by changing the modulation method
from HM to pulse-width-modulation (PWM) [2], [6], [7], [9].
This idea is originated from one of the earliest papers on SM
controlled power converters [2], which suggests that under
SM control operation, the control signal of equivalent control
approach ueq in SM control is equivalent to the duty cycle
control signal d of a PWM controller. The proof was later
provided in the papers [12], [13]. It has been shown that at a
high switching frequency, the control action of a sliding mode
controller is equivalent to the duty cycle control action of a
PWM controller. Hence, the use of PWM techniques in lieu of
HM methods in SM control is possible under these principles.
Lately, this idea is revisited and experimentally demon-
strated on a sliding mode voltage controlled (SMVC) buck
converter [9]. Building on the work of [2], [6], [12], it is
demonstrated in [9] how PWM based SM controller can
be easily realized with simple analog ICs. However, the
discussion does not cover the design methodology of other
converters. It was also unknown if the proposed PWM based
SM controller can be as easily realized in converters that are
more complex.
Therefore, in this paper, we extend the work in [9], by
exploring into the possible application of the PWM based
SM voltage controller on the boost converter. Specifically,
we illustrate the method of modelling the system and the
translation of the SM control equations for the PWM im-
plementation. Finally, with an experimental prototype, we
validate that the PWM based SM controller under a different
circuit architecture, is also applicable for the control of boost
converters.
II. THE DESIGN APPROACH
A. System Modelling
A second order PID type of SM voltage controller is
adopted. Fig. 1 shows the schematic description of the pro-
posed sliding mode voltage controlled (SMVC) boost con-
verters, where C,L, and rL are the capacitance, inductance,
and load resistance of the converters respectively; iC , iL, and
ir are the capacitor, inductor, and load currents respectively;
Vref , vi, and βvo are the reference, input, and sensed output
voltage respectively; and u = 0 or 1 is the switching state of
power switch SW.
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Fig. 1. Schematic diagrams of the PID SMVC boost converter.
For any PID SMVC converters type, the control variable x
may be expressed in the general form:
x =

x1x2
x3

 =

 Vref − βvod(Vref−βvo)
dt∫
(Vref − βvo)dt

 (1)
where x1, x2, and x3 represents the voltage error, the voltage
error dynamics (or the rate of change of voltage error), and the
integral of voltage error, respectively. Substitution of the boost
converter’s behavioral models under continuous conduction
mode (CCM) of operation into (1) produces the following
control variable description:
xboost =

 Vref − βvoβvo
rLC
+
∫
β(vo−vi)u¯
LC
dt∫
x1dt

 . (2)
where u¯ = 1 − u is the inverse logic of u. Next, the
time differentiation of equation (2) produces the state space
description
x˙boost = Axboost + Bu¯ (3)
where
A =

0 1 00 − 1
rLC
0
1 0 0

 and B =

 0βvo
LC
−
βvi
LC
0

 . (4)
B. Controller Design
For this system, it is appropriate to have a general SM
control law that adopts a switching function such as
u =
{
1 when S > 0
0 when S < 0
(5)
where S is the instantaneous state variable’s trajectory, and is
described as
S = α1x1 + α2x2 + α3x3 = JTx, (6)
with JT = [α1 α2 α3] and α1, α2, and α3 representing the
control parameters termed as sliding coefficients.
1) Derivation of Existence Conditions: To ensure the exis-
tence1 of SM operation, the local reachability condition
lim
S→0
S · S˙ < 0, (7)
must be satisfied. For the proposed converter, this can be
expressed as{
S˙S→0+ = JTAxboost + JTBuS→0+ < 0
S˙S→0− = JTAxboost + JTBuS→0− > 0
. (8)
The specific conditions for the existence of SM control
operation for the boost converters are
• Case 1: S → 0+, S˙ < 0 – substitution of uS→0+ =
u¯ = 0, and the matrices in (2) and (4) into (8) gives
−α1
βiC
C
+ α2
βiC
rLC2
+ α3(Vref − βvo) < 0.
• Case 2: S → 0−, S˙ > 0 – substitution of uS→0− =
u¯ = 1, and the matrices in (2) and (4) into (8) gives
−α1
βiC
C
+α2
βiC
rLC2
+α3(Vref−βvo)−α2
βvi
LC
+α2
βvo
LC
> 0.
2) Derivation of Control Equations for PWM Based Con-
troller: The conventional SM controller implementation based
on HM [8] requires only control equations (5) and (6). How-
ever, if the PWM based SM voltage controller is to be adopted,
an indirect translation of the SM control law is required so
that pulse-width modulation can be used in lieu of hysteresis
modulation [9]. The procedure for the PWM design can be
summarized in two steps. Firstly, the equivalent control signal
ueq, which is a smooth function of the discrete input function
u, is formulated using the invariance conditions by setting
the time differentiation of (6) as S˙ = 0 [1]. Secondly, the
equivalent control function is mapped onto the duty cycle
function of the pulse-width modulator [9]. For the PWM based
SMVC boost converter, the derivations are as illustrated.
• Equating S˙ = JTAx + JTBu¯eq = 0 yields the equivalent
control function
u¯eq =
βL
β (vo − vi)
(
α1
α2
−
1
rLC
)
iC
−
α3LC
α2β (vo − vi)
(Vref − βvo)
where u¯eq is continuous and 0 < u¯eq < 1. Since u =
1−u¯, which also implies ueq = 1−u¯eq, the substitution of
(9) into the inequality and a multiplication by β(vo− vi)
gives
0 < ueq
∗ = −βL
(
α1
α2
−
1
rLC
)
iC (9)
+LC
α3
α2
(Vref − βvo) + β (vo − vi) < β (vo − vi) .
• Finally, the mapping of the equivalent control function (9)
onto the duty ratio control d, where 0 < d = vc
vˆramp
< 1,
1Satisfaction of the existence condition is one of the three necessary
conditions for SM control operation to occur. It ensures that the state trajectory
at locations near the sliding surface will always be directed towards the sliding
surface. The other two necessary conditions are the hitting condition, which
is satisfied by the control law in eqn. (5), and the stability condition, which
is satisfied through the assignment of sliding coefficients [14].
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gives the following relationships for the control signal vc
and ramp signal vˆramp where
vc = ueq
∗ = −βL
(
α1
α2
−
1
rLC
)
iC (10)
+LC
α3
α2
(Vref − βvo) + β (vo − vi)
and
vˆramp = β (vo − vi) (11)
for the practical implementation of the PWM based SM
controller.
III. IMPLEMENTATION OF THE PWM BASED SM
CONTROLLER
A. Conversion of Control Equations to Circuit Form
1) Control Signal Computation: The computation of the
control signal vc in (10) can be performed using simple gain
amplification and summing functions. In our prototype, we
realize the equation using only three analog gain amplifiers and
a summer circuit (LM318). The parameters of these circuitries
can be easily calculated using known values of L, C, rL, and
β, and proper choices of α1, α2, and α3.
2) Ramp Signal Generation: The peak magnitude of the
variable ramp signal vˆramp is to follow description (11). In
our prototype, a transistor configuration of multiple current
mirror circuitries (9015 and 9016) and a charging capacitor
are employed to realize the ramp generation. Since the desired
output voltage is normally constant with little deviation, only
the input voltage change is considered in the design. As for
the frequency of the ramp signal, it is controlled by an impulse
generator (LMC555 and CD4049).
3) Duty Cycle Protection: The incorporation of the control
and ramp signal circuitries into the pulse-width-modulator
(LM311) forms the basic architecture of the PWM based SM
controller. However, recalling that the boost type converter
cannot operate with a switching signal u that has a duty cycle
d = 1, a small protective circuitry is required to ensure that the
duty cycle of the controller’s output is always d < 1. In our
prototype, this is satisfied by multiplying the logic state uPWM
of the pulse-width-modulator with the logic state uCLK of the
impulse generator using a logic AND IC chip (CD4081). By
doing so, the maximum duty cycle of the controller is clamped
by the duty cycle of the impulse generator.
B. Experimental Prototype
The derived controller is verified through an experimental
prototype developed with the specification shown in Table I.
Figure 2 shows the schematic diagram of the proposed
PWM based SMVC boost converter. The enumerated points on
the diagram represent different test locations in the controller
where waveforms are captured and analyzed. The theoretical
description of the signals are derived and shown in Table I.
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Fig. 2. Schematic diagram of the proposed PWM based SMVC boost
converter.
TABLE I
THEORETICAL DESCRIPTION OF SIGNALS
Test Location Description
1 βL
(
α1
α2
−
1
rLC
)
iC
2 −LC α3
α2
(Vref − βvo)
3 −β (vo − vi)
4 vc
5 vˆramp
6 uPWM
7 uCLK
8 u = uPWM • uCLK
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Measured Signal of Test Locations
Fig. 3 shows the steady-state waveforms of the test locations
when the converter is operating at full-load condition. The
captured results are consistent with the theoretical expectation.
Figs. 4(a) and 4(b) show respectively the DC output voltage
versus the input voltage and operating load resistance. For
line variation test, it can be observed that vo decreases with
increasing vi. Specifically, the output voltage deviation is
−0.15 V (i.e. −0.31 % of Vod) for the entire input range
18 V ≤ vi ≤ 30 V , i.e., line regulation dvodvi averages at
−12.5 mV/V. For load variation test, it can be concluded that
voltage regulation of the converter is robust to load changes,
with only a 0.08 V deviation (i.e. 0.17 % of Vod) in vo for
the entire load range 48 Ω ≤ rL ≤ 900 Ω, i.e., load regulation
dvo
drL
averages at 0.09 mV/Ω.
B. Transient Performance
The dynamic behavior of the controller is studied using a
load resistance that alternates between resistances of 240 Ω
and 480 Ω, and an input voltage that alternates between
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Fig. 3. Experimental waveforms of the test locations under full-load operation.
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Fig. 4. Graphs of DC output voltage vo against (a) input voltage vi and (b)
load resistance rL for the PWM based SMVC boost converter.
voltages of 18 V and 30 V. Figs. 5(a) and 5(b) show re-
spectively the output voltage ripple waveforms for both the
dynamic load change and dynamic line change operations.
The dynamic performances of the converter are adequate for
common voltage conversion applications.
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Fig. 5. Waveforms of (a) output voltage vo and inductor current iL; and (b)
input voltage vi and output voltage vo of the SMVC boost converter operating
in dynamic line change and dynamic load change conditions.
C. Operating in Discontinuous Conduction Mode
The PWM based SMVC boost converter, which is designed
for operation in CCM, is also tested in discontinuous con-
duction mode (DCM). Fig. 6 shows the variation of the DC
output voltage against different operating load resistances in
the DCM. The voltage regulation of the converter has a 0.12 V
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Fig. 6. Graphs of DC output voltage vo against load resistance rL for the
PWM based SMVC boost converter in light load conditions.
deviation (i.e. 0.25 % of Vod) in vo for the DCM load range
900 Ω ≤ rL ≤ 4500 Ω, i.e., load regulation dvodrL averages at
0.033 mV/Ω.
V. CONCLUSION
A fixed-frequency PWM based SM voltage controller for
boost converter is presented. The methods of modelling the
system and translation of the SM control equations for the
PWM implementation are illustrated. It is shown that the con-
trol technique is easily realized with simple analog circuitries.
Different static and dynamic tests with line and load changes
are also performed. It can be concluded from the results that
the derived controller/converter system is feasible for common
step-up conversion purposes.
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